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Abstract: Implant centered infections remain as one of the main complications associated with the use of biomedical 
implants. These infections can be avoided with the development of bactericidal coatings that prevent bacterial 
contamination since the very early stage of implantation. However, a multifunctional coating should inhibit bacterial 
contamination without generating cytotoxic responses. To achieve this purpose, this work presents a comparative 
evaluation of coatings with different concentrations of Ag. Coatings containing silver, calcium and phosphorous were 
obtained by plasma electrolytic oxidation (PEO) and its bactericidal activity and cytotoxicity were evaluated against 
Staphylococcus aureus and adipose derived stem cells (ADSC), respectively. Silver, calcium and phosphorous were 
successfully incorporated in the coatings and silver has not affected the coating morphology nor the crystalline structure. 
ADSC viability was unaltered by cell growth over the surfaces, despite the observation of thinner cells on coatings with 
higher silver content. After 24 h of incubation, bactericidal activity was observed in coatings with more than 0.6 % at. Ag 
incorporated, while coatings with 0.2 % at. Ag presented an increased bacterial proliferation indicating a hormetic 
response. Thus, Ag-CaP-TiO2 coating could be a potential solution for the prevention of implant infections. 
Keywords: Plasma electrolytic oxidation, titanium, bactericidal coating, silver. 
1. INTRODUCTION 
Metallic implants are prone to bacterial 
contamination during and after surgery, leading to 
implant centered infections (ICI) [1-3]. The current ICI 
treatment of ICI consists of long antibiotic therapies 
and revision surgeries, representing a clinical challenge 
and an economic burden for health care systems [4-6]. 
Despite the efforts to avoid the bacterial contamination, 
the ICI still has high rates of occurrence and mortality 
[7–9].  
The use of bactericidal coatings on metallic implants 
represent a long term alternative to avoid bacterial 
contamination [10]. Many researchers have suggested 
the use of silver based coatings, as this element 
presents a broad spectrum bactericidal activity [11-14]. 
The bactericidal mechanism of silver is not fully 
understood yet, but it is well known that silver ions can 
interact with thiol groups (S-H) forming Ag-S bonds. 
Thiol groups are present in many proteins and its 
disruptions lead to loss of proteins shape and  
 
 
*Address correspondence to this author at the Pontifícia Universidade Católica 
do Paraná, Department of Mechanical Engineering, Rua Imaculada Conceição, 
1155 – Prado Velho, Curitiba, PR – 80710-230, Brazil; Tel: +55 (41) 3271-
1338; E-mail: pa.soares@pucpr.br 
functionality [15,16]. Silver also kills bacteria by 
generating reactive oxygen species (ROS) which 
impairs enzymes from the respiratory chain and 
prevents DNA replication [17]. Silver is used as a 
bactericidal agent in air disinfection systems, water 
filters and food package, but the use of silver in 
indwelling devices remain controversial as some 
cytotoxic reactions can be originated [18-23]. Studies in 
vitro showed that silver nanoparticles decrease liver 
cells viability by ROS generation, inducing cells to 
apoptosis [24,25]. A case study conducted by Trop et 
al. [26], had also showed the increase of silver levels in 
blood and a higher production of liver enzymes when 
silver based wound dressings were used for burn 
healing. Furthermore, the indiscriminate use of silver 
can induce argyria, a cutaneous manifestation where 
silver precipitates are deposited on the skin, giving it a 
brownish-grey appearance [27-29]. As the use of 
bactericidal coatings in endosseous implants must not 
damage eukaryotic cells around the implant, and silver 
has a dose-dependent cytotoxicity, a systematic inves-
tigation of the proper amount of silver in implants is 
needed in order not to impair osseointegration [30,31].  
An effective technique to incorporate elements on 
the surface of titanium implants is the plasma 
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electrolytic oxidation (PEO) [32-34]. This technique 
produces a well adhered rough coating on the implant 
surface and it is possible to change the coating 
properties by selecting the appropriate oxidation 
parameters [35, 36]. PEO is widely used to obtain 
calcium and phosphorous doped coatings, as these 
elements improve the bone apposition after the 
implantation [37-39]. By adding bactericidal elements 
along with calcium and phosphorous sources in the 
electrolyte it is possible to adjust oxidation parameters 
to obtain a bactericidal and biocompatible coating. 
The aim of this work is to obtain Ag-Ca-P doped 
coatings by PEO and evaluate the influence of silver 
concentration on bactericidal activity and biocom-
patibility in vitro, as well as to determine the minimum 
silver concentration needed to assure bactericidal 
activity without compromising the biocompatibility. 
2. MATERIALS AND METHODS  
2.1. Sample Preparation 
Commercially pure Ti disks (ø 12 mm) were grinded 
with #600 SiC abrasive paper and ultrasonically 
cleaned in acetone, ethanol and deionized water. 
Coatings were obtained by PEO using a DC power 
supply (Model 62012P-600-8, Chroma). Oxidation was 
carried out in potentiostatic mode at 350 V for 60 s in 
room temperature, using a Ti plate as counter 
electrode. Table 1 lists the different electrolyte 
compositions, where CaP denotes the coating obtained 
without Ag in the electrolyte and 2Ag-CaP, 4Ag-CaP, 
16Ag-CaP and 64Ag-CaP stands for coatings obtained 
with different Ag concentrations in the electrolyte. A 
CaP sample was used as a standard control sample for 
all the assays. After the PEO treatment, samples were 
washed with deionized water and air dried.  
2.2. Coating Characterization 
The coating morphology and chemical composition 
were evaluated by scanning electron microscopy 
(SEM, Vega3, Tescan) and X-ray photoelectron 
spectroscopy (XPS, Physical Electronics PHI-5800 
spectrometer). For XPS, all spectra were referenced by 
setting the C 1s peak to 284.6 eV to compensate for 
residual charging effects. Survey spectra were 
collected from 0 to 1100 eV with a pass energy of 
187.85 eV. Data for percent elemental composition, 
elemental ratios and peak fit analysis were calculated 
using Multipack and XPS Peak 4.1 (Freeware) 
software. X-ray diffraction (XRD, XRD-7000 Shimadzu) 
using a CuKα radiation at 40 kV and 30 mA with a fixed 
incidence angle of 5°, was used in thin film (TF-XRD) 
mode to determine coatings crystalline phases. 
2.3. Cell Culture 
Before biological assays, the samples were cleaned 
and sterilized in a sequence of acetone, alcohol and 
phosphate buffered saline (PBS), followed by 30 min 
UV radiation exposure. 
Adipose derived stem cells (ADSCs) were cultured 
in α-MEM medium, supplemented with 10% Fetal 
Bovine Serum (FBS) and 1% penicillin-streptomycin in 
a humidified incubator at 5% CO2 and 37 °C. Samples 
were independently allocated in the wells of a 48-well 
plate and ADSCs were seeded into the coatings at a 
density of 104 cells per well. 
2.4. Cell Viability Assay 
To determine the effect of silver content present in 
the coatings on ADSCs viability, AlamarBlue 
(Promega) assay was performed after 1 and 7 days. 
Samples with adhered cells were incubated at 37 °C 
for 4 h in culture media and 10% of Alamar Blue 
Reagent. After 4 h, the solution optical density (OD) 
was measured at 570 nm and 600 nm using a 
spectrophotometer (FLUO-star Omega; BMG Labtech). 
The percentage reduction of Alamar Blue was 
calculated following the manufacturer instructions. The 
data was statistically analyzed by one-way ANOVA 
with Tukey’s test. 
Table 1: Electrolyte Composition Used in the PEO Process 
Electrolyte composition (L-1) 
Sample name 
Silver nitrate Calcium acetate Calcium Glycerophosphate 
CaP - 0.15 M 0.02 M 
2Ag-CaP 0.02 mM 0.15 M 0.02 M 
4Ag-CaP 0.04 mM 0.15 M 0.02 M 
16Ag-CaP 0.16 mM 0.15 M 0.02 M 
64Ag-CaP 0.64 mM 0.15 M 0.02 M 
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2.5. Cell Adhesion and Proliferation 
After 1 and 7 days of initial culture, the cell adhesion 
and proliferation were investigated by fluorescence 
staining with Rhodamine Phalloidin and 4’ 6-diamidino-
2-phenylindole DAPI. Rhodamine dyes the cell 
cytoskeleton red, by having a high affinity F-actin probe 
coupled with a red fluorescent dye, whereas DAPI 
reveals cells nuclei by staining its DNA with blue.  
The coatings were removed from the culture media, 
washed with PBS and fixed with 3.7% of formaldehyde 
for 15 min at room temperature. To permeabilize cells, 
the coatings were incubated with 1% of Triton-X100 for 
3 min, and then washed with PBS. The surfaces were 
incubated in 70 nM rhodamine-phalloidin for 30 min at 
room temperature. After 25 min of rhodamine-phalloidin 
staining, 300 nM DAPI was added for 5 min. All the 
solution was aspirated, and the surfaces were washed 
with PBS, and imaged using a Zeiss Imager-A2 
fluorescence microscope. 
2.6. Cell Morphology 
After 1 and 7 days of culture, cells were fixed in a 
solution of 3% glutaraldehyde (Ted Pella), 0.1 M 
sodium cacodylate (Alfa Aesar), and 0.1 M sucrose 
(Fisher Scientific) for 45 min. The samples were 
incubated in buffer solution of 0.1 M sodium cacodylate 
(Alfa Aesar) and 0.1 M sucrose (Fisher Scientific) for 
10 min. After fixation, the cells were dehydrated in 
series of ethanol solutions for 10 min each and 
incubated in dexamethyldisilazane (HMDS, Sigma) for 
10 min. Prior to observation in the SEM, the samples 
were coated with 20 nm of gold. Cells SEM images 
were recorded with a 45° tilt. 
2.7. Bacteria Culture 
Staphylococcus aureus (ATCC 25923) was 
cultivated in brain heart infusion (BHI) agar medium 
(Acumedia®, 107340A) for 24 h at 37 °C. A standard 
solution of the S. aureus was prepared in a density of 
108 CFU/mL. A 1 mL aliquot of this solution was added 
into a test tube containing BHI broth medium and the 
coating samples previously sterilized; each tube with 
samples was tested independently. 
2.8. Antibacterial Activity Determination 
After a 24-hour culture, the coatings were gently 
rinsed with PBS. In order to detach adhering bacteria, 
the test tubes were vigorously vortexed for 1 min. The 
solution containing the detached bacteria was diluted in 
PBS, in a 10-fold proportion, and re-cultivated in agar 
plates. The agar plate was incubated at 37 °C for 24 h 
and the number of colony forming units (CFU) was 
counted using a plate counter. Ten samples of each 
group were analyzed, and results were compared using 
one-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison test to determine data 
statistical significance. The bactericidal rate was 
calculated by the following relation: 
 
Bactericidal  rate (%) = CFUcontrol  . CFUexperimental 
CFUcontrol 
.100%  (1) 
Where CFUcontrol and CFUexperimental are the 
average of CFU on control sample (CaP) and on 
experimental samples, respectively. 
2.9. Bacterial Morphology 
SEM analysis of the adhering bacteria was 
performed to evaluate the biofilm formation. After 24 h 
of S. aureus culture in the coatings, a solution of 
glutaraldehyde 2.5% (Ted Pella) was deposited on the 
coatings for 4 h to fix the bacteria. After fixation, 
samples were dehydrated in a series of ethanol 
solutions for 10 min each and incubated in 
dexamethyldisilazane (HMDS, Sigma) for 10 min. Prior 
to observation in SEM, the samples were coated with 
20 nm of gold. Bacterial SEM images were recorded 
with a 45° tilt. 
3. RESULTS 
3.1. Coating Characterization 
The coatings presented a volcano shape porous 
morphology (Figure 1), characteristic of coatings 
obtained by PEO process in calcium and phosphorous 
containing electrolyte [40,41]. The coatings are 6.2 ± 
1.2 µm thick, composed by two layers: a compact inner 
layer and an external porous layer, region 1 and 2 in 
Figure 1, respectively.  
Elemental analysis performed by XPS showed the 
successful incorporation of Ca, P and Ag from the 
electrolyte, Table 2. Silver incorporation determined by 
XPS shows a non-linear relation of Ag concentration on 
the electrolyte and the ratio Ti/Ag on the coatings 
(Figure 2). 
The TF-XRD patterns show the formation of two 
titanium dioxide crystalline phases during the PEO 
process: Anatase and Rutile (Figure 3). Additionally, 
peaks from the titanium substrate can also be observed 
for all coatings, while peaks from the silver 
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Figure 1: Scanning electron microscopy images from the coatings obtained by PEO. The bottom right image shows the cross-
section view from 4Ag-CaP coating. 
 
Table 2: Elemental Composition of the Coatings Assessed by XPS Survey Analysis 
Elemental composition (at. %) 
Sample name 
Ti O Ca P Ag 
CaP 6.3 67.4 12.7 13.6 -- 
2Ag-CaP 7.3 67.7 11 13.8 0.2 
4Ag-CaP 4.1 68.7 13.8 12.8 0.6 
16Ag-CaP 4.8 65.5 13.8 14.5 1.4 
64Ag-CaP 3.7 64.8 13.8  15.2 2.4 
 
 
Figure 2: a) High-resolution XPS spectra of Ag 3d and b) Ti/Ag ratio incorporated on the coatings by the electrolyte Ag 
concentration. 
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Figure 3: TF-XRD diffraction pattern of the coatings. A, R and T stands for Anatase, Rutile and Titanium, indexed with the ICDD 
files #01-075-2547, 01-078-4187 and 01-071-4632, respectively. 
incorporation were not observed. No difference in the 
TF- XRD pattern is observed among the coatings, 
showing the silver incorporation has not affected the 
crystalline composition. 
3.2. Cell Viability, Adhesion and Proliferation 
ADSCs viability was not impaired by the silver 
incorporated coatings, as showed by the percentage of 
AlamarBlue reduced after 1 and 7 days of culture 
(Figure 4). ADSCs are viable on all coatings, with no 
significant difference among silver containing coatings 
and the reference group. No cytotoxicity was observed 
up to 7 days of culture. 
After one day of culture, the ADSCs morphology 
was dependent on the amount of silver in the coatings 
(Figure 5). Coatings with higher amounts of silver 
presented less spread and thinner cells than samples 
with lower amounts of silver, where a spread star 
shape ADSCs can be observed (Figure 5). This 
difference in cell shape among the groups was not 
observed after 7 days of culture, since the cells had 
covered all samples surfaces, indicating the silver 
presence impacts only the early stage of cell 
proliferation. 
SEM images show ADSC flattened and adhered to 
the surface coating (Figure 6). ADSCs presented good 
affinity with the porous coating, showing cellular 
extensions toward adjacent cells after just one day of 
culture. After 7 days of culture, cells have covered the 
entire coating surface. No difference in cell morphology 
was observed among the groups, showing that the 
amount of silver incorporated does not induce 
deleterious effects in the ADSCs cell adhesion and 
proliferation. 
3.3. Antibacterial Activity 
Results of colony forming units counting assay 
show a significant reduction of S. aureus CFU in 
groups 4, 16 and 64Ag-CaP after 24 h of incubation, 
 
Figure 4: Cell viability on different coatings measured by the 
reduction percentage of AlamarBlue after 1 and 7 days of 
ADSCs culture. *p < 0.0001. 
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Figure 7. Surprisingly, the number of CFU has 
increased on the coating with the smaller amount of 
silver (group 2Ag-CaP, with 0.2 % Ag), but without 
significant difference from the reference group. This 
observation was supported by the bacterial attachment 
SEM images (Figure 8). It is possible to observe the 
biofilm formation on the 2Ag-CaP coating, where the 
bacteria form a thick layer connected by water 
channels. On the 4Ag-CaP coating, there are no large 
bacterial colonies present, just few S. aureus are 
observed.  
 
Figure 7: Colony forming units count assessing the 
antibacterial activity of different coatings against S. aureus 
cultured for 24 h. *p < 0.0001. 
Our results show that the 4Ag-CaP coating, 
containing 0.6% of Ag incorporated, achieves an 87 ± 
20% of S. aureus reduction after 24h of culture. 
Coatings with higher amounts of silver presented 
similar rates of reduction, 72 ± 15 % and 88 ± 21 % for 
16Ag-CaP and 64Ag-CaP, respectively. 
4. DISCUSSION 
Indwelling implants are susceptible to bacterial 
contamination not only during the surgery but also 
 
Figure 5: Fluorescence microscope images of ADSCs cultured for 1 and 7 days on different silver containing coatings. 
 
Figure 6: SEM images of ADSCs cultured for 1 and 7 days 
on different silver containing coatings. For better visualization 
ADSCs are false-colored orange. 
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years after the implantation. Antibacterial coatings 
based on silver are being proposed as a tool to prevent 
bacterial infections, although the amount of silver 
present in the coating must be carefully determined in 
order not to impair the osseointegration or cause toxic 
side effects.  
In the present study, four silver graded coatings 
obtained by PEO were evaluated in vitro to determine 
their bactericidal activity and biocompatibility. A 
hormetic response was observed by increasing of S. 
aureus CFU in the coating containing a small amount 
of silver. A hormetic dose response occurs when lower 
doses of toxic agents promote a modest stimulatory 
response, resulting in an effect that is the opposite of 
what is expected, as a result of the disruption of the 
homeostasis [42,43]. Biofilm formation induced by sub-
minimal inhibitory concentration of antibiotics or 
nanoparticles have been extensively reported [43-45]. 
Although, to the best of our knowledge, this is the first 
report of hormetic response using bactericidal elements 
in biomedical coatings, showing the importance of a 
systematic evaluation of antibacterial agents to be used 
on implants. 
No cytotoxic effects on ADSC were observed when 
cultured on silver containing coatings, showing that 
even the higher silver concentration (2.4 % on 64Ag-
CaP group) was below the minimum toxic dose. 
Studies that evaluate the biocompatibility of titania 
nanotubes doped with silver nanoparticles or silver 
oxide have also encountered similar results, indicating 
the possibility to use silver as a valuable antibacterial 
agent without impairing the eukaryotic cell behavior 
[46,47]. Cell shape in the early stage of proliferation 
was dependent on the amount of silver incorporated in 
the coatings; lower silver amounts lead to a spread star 
shape ADSCs, while higher silver amounts lead to 
thinner cells. The cell morphology is closely related to 
the cell-material affinity. Kilian et al. has showed the 
cell shape influence on cell differentiation, where star 
shaped stem cells presented an increased signaling 
related to osteoblast differentiation [48].  
Among the tested coatings, the 4Ag-Cap group is 
selected as the most suitable to be used as a 
bactericidal coating in implants, since 0.6% Ag in the 
coating is sufficient to assure the bactericidal activity, 
and a higher early ADSC spread was observed. 
Further investigation, evaluating coatings with an 
incorporated silver concentration between 0.2 % and 
0.6 %, i.e. between groups 2Ag-CaP and 4Ag-CaP, is 
needed to elucidate the minimum bactericidal 
concentration and to determine the hormetic limit for 
silver on biomaterial’s coatings. 
5. CONCLUSIONS 
Four different titanium oxide coatings containing 
silver were obtained by PEO. Unlike other methods to 
incorporate silver in titanium coatings, PEO is a one-
step process that successfully incorporates silver in all 
coating structure. Silver presence in the coatings has 
no deleterious effects on ADSC viability and 
morphology, but cell shape has become less spread on 
coatings containing more than 1.4% Ag. This study 
showed that a minimum of 0.6 % of silver incorporated 
in a titanium oxide coating, along with calcium and 
phosphorous, is needed to present bactericidal activity 
against S. aureus and no cytotoxicity on ADSCs, being 
 
Figure 8: SEM images of S. aureus cultured for 24 h on (a) 2Ag-CaP and (b) 4Ag-CaP coatings. 
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an attractive bactericidal coating to be used in 
endosseous implants.  
This study showed the importance of evaluating the 
influence of silver concentration on the biological 
response of biomedical coatings. A non-expected 
hormetic response was observed, highlighting the 
importance of determining a minimum amount of silver 
needed to assure the bactericidal activity. 
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